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Abstract: Accurate quantification of various mercury (Hg) species dynamics in groundwater is critical for

understanding Hg mobilization, fate, and consequent impacts on water ecological security. This foundational
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work, however, faces challenges due to the lack of highly sensitive, reliable, and field-deployable detection
technologies that can determine and monitor ultra-trace Hg(II) in groundwater. Here, this research presents and
assesses two types of biosensing methods for dissolved Hg(Il) based on a deoxyribonucleic acid (DNA) sensing
material: the DNA-functionalized hydrogel for direct Hg(II) detection in groundwater and the DNA-DGT sensor
for simultaneous sampling and detection with the diffusive gradients in thin films technique (DGT). Applying tests
to hydrogeochemically diverse groundwaters from the Grand River Watershed, Canada, the results indicate that
the DNA-functionalized hydrogel is able to quickly detect dissolved Hg(Il) but inapplicable to low Hg(II)
concentrations (<1.60 pg/L), whereas the DNA-DGT sensor can capture variably ultra-trace Hg(Il) species
depending on the deployment time. Quantification of Hg(II) species in groundwater via joint DNA-DGT sensing
and hydrogeochemical calculation indicates that temperature, pH, CI', and dissolved organic matter significantly
affected partitioning of trace Hg(II) between various mobile species, diffusion efficiency, and thus its mobility.
Combined with hydrogeochemical modeling, the DNA-DGT measurements reveal that mobilization and
transformation of Hg(II) are linked to redox cycling of sulfur in groundwater. This study therefore highlights that

monitoring of low-level Hg(II) with ultra-sensitive, field-deployable biosensing methods is of significance to

understanding mobility and fate of Hg in groundwater and its threat to safe drinking water supply.
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Table 1 Overview of physicochemical parameters and
components of groundwater samples collected from the Grand
River Watershed, Canada

SR AR w/ME POAE PIE bR
Mg/ ,C 147 49 10.8 10.6 3.1
pH 798  7.29 7.72 7.67 028
5%/ (uS-em™) 2399 206 662 884 744
Na/(mg-L™) 16630 10.61 2445 4430 51.98
K'/(mg-L™") 855 1.14 3.46 393 232
Ca*/(mg'L™") 500.90 35.78 106.90 183.90 187.70
Mg*/(mg-L™) 14470 883 3276 4030 43.82
Si/(mg'L™") 5.15 048 3.35 3.00 1.74
Sr/(mg-L™) 1034 0.19 0.69 242 359
Fe(IT)/(ug-L™) 22 8 16 15 4
HCO;/(mg'L') 5833 1806 3634 3778 1528
ClI™/(mg-L™) 11130 146 2549 3557 3833
g SO /(mg-L") 152600 4384 8106 36250 583.70
i3 ?’é%ﬁ@% <5 <5 <5 <5 —
i /(ug'L™)
(») NO; /(mg-L™") 5.95 <0.01 0.68 120 1.99
NH: -N/(mgL™) 0.12  0.03 0.06 0.06  0.03
B (ng L") 653 1 4 88 229
DOC/(mg-L™") 513 1.79 3.13 3.04  1.04
WAEASR(ng L) 379 021 0.98 132 121
Hg(lﬁ%ﬁr') 3.66  0.70 121 152 0.97
RS
Ha(/(pg L) 3.50  0.27 0.97 130 112
RS

H . - 344 0.19 0.94 1.23 1.10
g(I)/(pg' L")

VE: “Fe 5 DN A AE ALK e PR AR 50 7 e 25 Hg (L)W
3/ DNA-DGTH R S 15 78 25 Hg ()R FE 5 0% BV 9 AR 220
TRV AR A He (IR FE .
= SR SO,—Ca B L T K 7T fE U F oA B
B (K 3¢) o BFSEIX N, A0 8 16 T M 36 H 88 s A7 A
TH KR ZETORY . 3% 86 R /K (19 Sk B[] i 45 25
(FHE 1), #5878 T m e B Ca® By RAR KR, Ik — b 3%
WAk 2 KA A R 3R K 2653 72 2 T B 25 i )

- 0.10
o 1.00

O 2.00

QO 3.00
() 400

Hg(IDJFi it
W/ (ugl™)

B2 KRR SR Piper B ( Hi Hg(D) KEA
DNA-DGT RS2 R )
Fig.2 Piper diagram illustrating hydrochemical types of the
groundwater samples (dissolved Hg(II) concentrations
detected by the DNA-DGT sensor)

3.2 Hg(l) Mk ES5ES S

FI FH 5. — DNA T 8 £k 7K % fise X Hg(11) A A ) 25
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1.60 ng/L(1& 4a), BIILF B35 45 14 T DNA UjaEfb K
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B AG IE 22 5 0 i (] 4a) . [HIE, BA— DNA ZhREfk
KRR JE P G T 235 SR T BB R T &, O O XTI Hg(1D)
W E B MR K AE B, BT DNA 3y Ak /K S e 0 46l
S5 He(D) B A LARFAEART B SR, £
A< GRG-1 Fil GRG-8 i 18 1% 2% 25 Ko I 2] (1) Hg(IT) ¥ B
43514 3.66 ug/L A1 2.17 ug/L(E 4a) , XPIAEUES ASV
W % AT . X AY He (D) JE &4 115 o, /)
1 1 5% 4 PR 4% 4 BC AR (40 IR DOM) 77 76 A I 4%
T, Hgfh 5 5 DNA > 7458 GEdi {5 B & 0

—44r -8 1
a b c
-4.8+ . . ol
¢ ? -2t /
e = 1o * . o _ CIHUUERM L S
ol o s T . oy IgK,,=—4.58 g
S -s6r ¢ 9] ¢ T, 2 -3 ’ o
* 60 ; & ~lr * ue b
—-6.0 | S L
ﬁﬁ‘iEiﬁiﬁ"}ﬁm?@Ifﬁ 12} L Ay
~6.4 ok —sag S PR ARIIR ST i A .
ghy=0: 1gK =16.54 A e
_6'8 1 1 1 1 _13 1 1 1 1 75 1 1 1 1
-36 32 28 24 20 -8 -7 -6 -5 -4 =36 0 320 28 24 20
lg[Ca™] lg [Ca*]+lg [Mg*] lg[Ca™]

B3 ke (a) FEEA. (b) BZAM (c) BAEHURETHEESHMY MTERHFTEERHILR
Fig. 3 Activities of ions comprising calcite(a), dolomite(b) and gypsum(c) in groundwater, as compared with precipitation-dissolution
equilibrium line of the corresponding mineral
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Fig. 4 Determination of dissolved Hg(II) concentration in groundwater by (a) single DNA-functionalized hydrogel sensor and (b) DNA-

DGT sensor, with the results of ASV measurements and model calculations superimposed for comparison
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IR i Hg(1D) AR 2L pa i

7£ F H1 DNA-DGT {55 5 #f 55 %5 fift & Heg(ID) ¥k &
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) 2 X T A A 22 Bl Hg? 4% 4 Tl 1k S &2 2% 1 B Ak =
ZMF IR KRB . XF T He* 5 JCHLBC A (1] 4n
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F U (Do) TE R 22 R BE T 0] R Ry B2 %0, )
M, Hg” 5 DOM %5 &8 146 & W 4 8 R 8L(D,,) IR
TG R . BRI, TC R X R Hg(1) T 45 2 3144
PECR B, O T DL T g YT HUE B LS A AL
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TEHL5 A P Hg(1D) JE A AR L i 1T 54k T 2
I W R A Hg(I) v B, 3200 B W 75 1 B2 & D, 19
DGT 5 # (BR =X 1) BEATHERA 53 . 1% e 1) J5, A BF
8K T BUERBRL v, WL F DGT 5 /E Bl #4
T RE R UE J5 Y S N R AR i 2o #l5 DNA-DGT
g5 4 )= 2R Hg(In) ot i (Un Sk v SCRS B 1] 2b
FToR ), RIS SRR B, TCHL He(ID) 4559 29 #UZ
Hg(IT) 1 £ Z AL H 8 25 (S WL SCHk B SCR R 3) o
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Fig. 5 Variation of effective diffusion coefficient (D, of
groundwater Hg(II) transported across the diffusive
hydrogel layer
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Fig. 6 D, correlations with CI' and DOC concentrations
in groundwater
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Fig. 7 Distribution of dissolved Hg(II) species in groundwater as a function of (a) CI" concentration and (b) pH value
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Table S1 Equilibrium constants (K.) of complexation reactions between Hg** and various inorganic and organic ligands at 25 °C

KA N 1gK.(25 °C) 27 3k A N 1gK.(25 °C) 225 3k

Hg?* + OH™ = HgOH* 10.42 [7] Hg?* +CI™ = HegCl* 7.30 [8]
Hg?* +20H" = Hg(OH), 21.83 [7] Hg?* +2CI™ = HeCl, 14.00 [8]
OH~ Hg?* +30H™ = Hg(OH); 20.90 [7] cr Hg?* +3Cl™ = HgCl3 15.00 [8]
2Hg?* + OH™ = Hg,OH** 10.70 [8] Hg?* +4Cl™ = HgCl3~ 15.60 [8]
3Hg?* +30H" = Hg,(OH)3}" 35.60 (8] Hg?* +CI” +OH™ = HgCIOH 18.25 [8]
so- Hg?* +S02™ = HgSO, 241 [8] NO- Hg”* +NOj = HgNO? -0.43 [8]
+ Hg?* +2S05™ = Hg(S0,)¥ 3.47 [8] } Hg?* +2NO3 = Hg(NO5), -0.81 [8]
Hg?* + S0} = HgS0;, 10.30 [9] F- Hg?* +F~ = HgF* 1.60 [8]

Nein Hg?* +2803" = Hg(S05)3" 23.40 [8]

Hg?* +3S03™ = Hg(S05)4~ 24.10 [8]
Hg?* +S2 = HgS 7.90 [8] Hg?* +CO3™ = HgCO,4 12.07 [8]
Hg?* +28%" = HgS}~ 51.02 [8] . Hg?* +2C03™ = Hg(CO5)3~ 15.57 [8]

co¥ ’
, Hg?* +S* +OH™ = HgSOH™ 18.50 [8] 3 Hg> +CO}™ +H* = HgHCO? 16.34 (8]
o

Hg?* +S$?~ +H* = HgHS* 43.12 [9] Hg*" +CO3™ + OH™ = HgOHCO; 19.20 [8]

Hg?" +28%" +H* = HgHS; 59.73 [8]

Hg?* +2S° +2H* = HgH, S, 66.12 [8]
NO- Hg?* +NO; = HgNOj -0.43 [8] . Hg?* +PO;” = HgPO, 12.38 [8]
} Hg?" +2NOj = Hg(NO5), -0.81 [8] ¢ Hg?* + PO} +H* = HgHPO, 20.09 [8]
Hg?* +NO; = HgNOj3 6.35 [8] Hg®* + NH; = HgNH3* 8.75 [8]
NO- Hg?* +2NO; = Hg(NO,), 10.52 [8] N Hg?* +2NH; = Hg(NH;)3* 17.80 [8]
? Hg?* +3NO; = Hg(NO,); 12.06 [8] ’ Hg®" +3NH3 = Hg(NH;)3* 18.20 [8]
Hg?* +4NO; = Hg(NO,)2" 12.27 [8] Hg?* +4NH; = Hg(NH;)?* 19.30 [8]

JBETMSEEN . AREERE AR VLR 7 R HAb 2 PR 26 & SOV A9 520 . Hg™™5 OH
A4, 152 L Tipping 55 (118301, CIFI45 45 )= DNA B4 & 5 U T 2 2808 L
Wb, BERLA 2 J& T OKIRAT Hg 5454 /2 DNA 70 B 20

Mizk 2 Hg"5 DNA S FRESUERAEZERMNTEEH (K ) MRMEREE (AH,)
Table S2 Equilibrium constants (K,) and reaction enthalpies (AH,,) for complexation of Hg’* with the DNA molecules
and various competing ligands

KA R 1gK.(25 °C) AH,/(kJ-mol™) 2230k
Y IATERG JE-He-DNA 2RNCsH,40,NH +Hg?* = Hg(RNCsH40,N), +2H* 19.80 -81.27 [4]
Hg?* + OH™ = HgOH* 10.42 —25.68 (7]
Hg?* +20H™ = Hg(OH), 21.83 —66.32 [7
OH~ Hg?" +30H" = Hg(OH); 20.90 —-39.90 [7]
2Hg?* + OH™ = Hg,OH** 10.70 -30.34 [11
3Hg* +30H" = Hg;(OH)3* 35.60 -80.23 [11]
Hg?* +CI” = HgClI* 7.30 —22.65 [7
Hg?* +2CI~ = HgCl, 14.00 —-52.87 [7]
cr Hg?" +3CI™ = HgCly 15.00 —58.04 [7
Hg?* +4CI~ = HgCl3~ 15.60 —-56.39 7
Hg?* +CI” + OH™ = HgCIOH 18.25 —62.53 [7

TE: 7ES ~ 50 CHY BV P, 52 B EE IR KA AR (R AE , PRIt mT PSR SRy R o A A A R R BE T Aty S I V- 48

TETHE ML T 7K H i i 25 Hg(In) e J3 B, ) R 7 22 FERRE IR R AR . BRI, &FXF TEHL He(D) 455
Xt g it K EERE Y HUZ 4 FD He(ID) B MP B R EGE W, RG99 8UR B(D,0) AR (WL B2 3) 0
TR EERIE . IEWIESCrh iR, v DURE Hg' 5 JCHl A b, £ X Hg” 5 DOM 4 &9 W8 5o #2, R
B AR (4n I, SO; . HCO; . H,PO, ) 4-& W9 i 2 %k TP BERE(D,,) RFAE .
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Table S3 Diffusion coefficients of inorganic and organic complexes of Hg(II) at temperature range of 5—40 °C

HRBE/PC D/ (cm’ss™) D,,/ (cm*s™)
5 4.86x10°° 5.29x1077
10 5.76x10°° 6.28x1077
15 6.75x10°° 7.35x1077
20 7.83x10°° 8.53x1077
25 9.00x10°° 9.80x1077
30 1.03x10°° 1.12x10°°
35 1.16x10°° 1.26x10°°
40 1.30x10°° 1.42x10°°
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Fig. S1 Variation of physicochemical parameters and dissolved component concentrations of the groundwater samples
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Fig. S2 Sample-specific distribution of (a) Hg(II) species within the single DNA-functionalized hydrogel, and (b) mass of Hg(II)
accumulated in the hydrogel binding layer of DNA-DGT sensor
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